In a crystal structure of the amino-terminal laminin G-like domain of human sex hormone-binding globulin (SHBG), the biologically active estrogen metabolite, 2-methoxyestradiol (2-MeOE2), binds in the same orientation as estradiol. The high affinity of SHBG for 2-MeOE2 relies primarily on hydrogen bonding between the hydroxyl at C-3 of 2-MeOE2 and Asp 65 and an interaction between the methoxy group at C-2 and the amido group of Asn 82 . Accommodation of the 2-MeOE2 methoxy group causes an outward displacement of residues Ser 128 -Pro 130 , which appears to disorder and displace the loop region (Leu 131 -His 136 ) that covers the steroidbinding site. This could influence the binding kinetics of 2-MeOE2 and/or facilitate ligand-dependent interactions between SHBG and other proteins. Occupancy of a zinc-binding site reduces the affinity of SHBG for 2-MeOE2 and estradiol in the same way. The higher affinity of SHBG for estradiol derivatives with a halogen atom at C-2 is due to either enhanced hydrogen bonding between the hydroxyl at C-3 and Asp 65 (2-fluoroestradiol) or accommodation of the functional group at C-2 (2-bromoestradiol), rather than an interaction with Asn 82 . By contrast, the low affinity of SHBG for 2-hydroxyestradiol can be attributed to intra-molecular hydrogen bonding between the hydroxyls in the aromatic steroid ring A, which generates a steric clash with the amido group of Asn 82 . Understanding how C-2 derivatives of estradiol interact with SHBG could facilitate the design of biologically active synthetic estrogens.
Sex hormone-binding globulin (SHBG) 1 is the major plasma transport protein for biologically active sex steroids, and changes in its plasma concentrations influence the plasma half-lives of its steroid ligands and their access to target tissues (1, 2) . Human SHBG is a homodimeric glycoprotein, and each monomer contains a steroid-binding site within an amino-terminal laminin G-like (LG) domain (3, 4) . Biologically active androgens and estradiol compete for occupancy of this binding site, but these two classes of sex steroids appear to enter the site quite differently and are bound in opposite orientations (5) . Occupancy of the human SHBG steroid-binding site by estradiol is also accompanied by a specific positioning and/or conformation of amino acid residues on the surface of the protein that is not seen when the site is occupied by C19 steroids or the synthetic progestin, levonorgestrel (5) . Such ligand-dependent alterations in the tertiary structure of SHBG are of interest in light of reports that it interacts with binding sites on the plasma membranes of different tissues in either a ligand-dependent (6) or ligand-specific (7) manner. The biological significance of these interactions remains poorly defined, but they may be implicated in rapid non-genomic actions of steroids (8) .
Human SHBG binds several androgen and estrogen metabolites (9) and has a higher affinity for 2-methoxyestradiol (2-MeOE2) than for estradiol or testosterone (1) . The presence of a halogen atom at C-2 of the estradiol molecule is also known to increase the affinity of ligand binding to SHBG (10) , whereas a hydroxy group at the same position has the opposite effect (1) . The binding of 2-MeOE2 is of particular interest because this estrogen metabolite is biologically active, and appears to exert its effects via non-genomic mechanisms. For instance, 2-MeOE2 interacts with the colchicine-binding site of tubulin and inhibits its polymerization (11) . There is also increasing evidence that 2-MeOE2 acts on the vascular endothelium to inhibit blood vessel formation (12) , and binding to plasma SHBG can therefore be expected to play a key role in regulating the amounts of biologically active 2-MeOE2 in the capillaries of tissues containing rapidly proliferating cells. It has also been reported that 2-MeOE2 binding to human SHBG in complex with its putative plasma membrane receptor fails to produce a signal transduction event similar to that observed when other steroids interact with plasma membrane-bound SHBG (8) . The reason for this is obscure, but it may be related to specific ligand-dependent conformational changes in SHBG, as noted recently (5) .
We have now obtained a crystal structure of the aminoterminal LG domain of human SHBG in complex with 2-MeOE2, and we have combined this information with sitedirected mutagenesis experiments to define the molecular basis of high affinity interactions between SHBG and estradiol derivatives with substitutions at C-2 of the steroid ring A. In view of our previous observations that occupancy of a zincbinding site at the entrance of the human SHBG steroid-binding pocket specifically influences its ability to interact with estradiol (5), we have also explored how this might affect the binding of 2-MeOE2.
EXPERIMENTAL PROCEDURES
Crystal Production and Analysis-The amino-terminal LG domain of human SHBG was expressed, purified, and crystallized, as described previously (13) , with the exception that 2-MeOE2 was used instead of 5␣-dihydrotestosterone (DHT) to saturate the steroid-binding site during all steps. Crystallization was accomplished using the hanging drop method. In brief, 1 l of protein solution (13 mg/ml protein, 50 mM Na-HEPES, pH 7.5, 2.5 mM CaCl 2 ) containing 10 M 2-MeOE2 (Steraloids Inc.) was mixed with 1 l of reservoir solution (20% isopropyl alcohol, 10% polyethylene glycol 400, 100 mM CaCl 2 in 100 mM Na-HEPES, pH 7.5). This crystallization mixture was equilibrated against 1 ml of reservoir solution at 20°C, and crystals of SHBG in complex with 2-MeOE2 were obtained within 1 week. Before flash cooling, crystals were transferred into a soaking solution containing 30% isopropyl alcohol, 10% polyethylene glycol 400 in 100 mM Na-HEPES, pH 7.5, for 5 min to prevent ice formation. A complete data set of SHBG bound to 2-MeOE2 was collected at 1.75-Å resolution at beam line BW7B of the EMBL outstation at the DESY synchrotron in Hamburg, Germany. Data were reduced with the program package DENZO/SCALEPACK (14) , and the crystal structure was solved by difference Fourier techniques using the protein atomic coordinates for SHBG in complex with DHT from the Protein Data Bank (accession code 1D2S). To obtain target geometry parameters for the ligand (2-MeOE2) during crystallographic refinement, an idealized model was built by merging the crystal structure of 2,3-dimethoxyestradiol retrieved from the Cambridge structural data base (15) with our previous estradiol model (5) . From these coordinates, a topology and parameter file was generated using the Hic-up (x-ray.bmc.uu.se/hicup/) server (16) . The structure of the complex was subjected to several rounds of refinement by molecular dynamics and energy minimization using the program CNS (17), alternating with manual inspection in program O (18) . The free R-factor reflections were identical to those used previously to monitor the refinement of SHBG steroid complexes (3) (4) (5) . The final model and the experimental structure factor amplitudes have been deposited with the Protein Data Bank.
Production and Analysis of Human SHBG Variants-Apart from the S128A SHBG variant, all the human SHBG variants used to assess the contribution of specific amino acids to the binding affinities for various steroid ligands were produced as described previously (5) . The S128A SHBG variant was produced by site-directed mutagenesis (5) by using the following oligonucleotide sequence with the altered bases within the codon for Ser 128 underlined: 5Ј-GGTCAGGGGCCCAGCGACCTGTCT-CAGG. The molecular sizes of the human SHBG variants produced in this way were similar to wild-type human SHBG when examined by Western blotting (19) . A standard saturation analysis method employing dextran-coated charcoal as a separation agent, and [ 3 H]DHT (42 Ci/mmol, PerkinElmer Life Sciences), as the labeled ligand (20) , was used to determine the steroid-binding affinity and specificity of human SHBG purified from serum (5) or recombinant wild-type human SHBG and human SHBG variants expressed in Chinese hamster ovary cells (19) . For competitive steroid-binding assays (20) , unlabeled steroids were obtained from the following sources: DHT and estradiol (Sigma); 2-MeOE2, 2-bromoestradiol, and 2-hydroxyestradiol (Steraloids); and 2-fluoroestradiol (kindly provided by Dr. J. van Lier, University of Sherbrooke, Quebec, Canada). The steroid-binding capacity assay was also modified to assess the influence of Zn 2ϩ on SHBG-steroid interactions, as described previously (21) .
RESULTS AND DISCUSSION
Crystal Structure of Human SHBG in Complex with 2-MeOE2-The structure of the amino-terminal LG domain of human SHBG in a complex with 2-MeOE2 has been solved at 1.75-Å resolution and refined to convergence to a crystallographic R-factor of 21.0% (R Free ϭ 23.8%, see Table I ). As in the corresponding estradiol-bound SHBG crystal structure (5), 2-MeOE2 is oriented within the steroid-binding site so that its hydroxy group at C-3 is capable of interacting with Asp 65 , whereas the hydroxy group at C-17 can interact with Ser 42 and the carbonyl oxygen of Val 105 (Fig. 1A) . Thus, this binding mode appears to be typical of C18 steroids and contrasts with that of C19 steroids and the synthetic progestin, levonorgestrel, which reside within the SHBG steroid-binding site in the opposite orientation (5) .
Although the main chain atoms of the 2-MeOE2-bound SHBG crystal structure can be superimposed on the crystal structures of SHBG in complex with estradiol or DHT with average root mean square deviations as low as 0.59 and 0.68 Å, respectively, the binding of 2-MeOE2 results in distinct conformational differences within the amino-terminal LG domain of SHBG. For instance, the methoxy group of 2-MeOE2 points into a hydrophobic pocket lined by residues Met 107 , Val 112 , Leu 124 , and Val 127 (Fig. 1A) , and its accommodation within this pocket ( Fig. 1B ) appears to affect conformation of the loop segment (Leu 131 -His 136 ) that covers the SHBG steroid-binding site (22) . Accordingly, the C␣ atoms of residues that precede this loop segment (Ser 128 , Gly 129 , and Pro 130 ) are in close proximity to the methoxy group and are pushed away from the binding site by 1.0, 1.8, and 4.8 Å, respectively, when compared with the SHBG-estradiol complex (5) . Furthermore, residues Leu 131 -Ser 133 are disordered in the SHBG complex with 2-MeOE2, and Lys 134 and Arg 135 are displaced when compared with the estradiol-bound SHBG complex (5) by 2.1 and 3.4 Å, respectively ( Fig. 1B ). In addition, the side chain of Trp 84 is oriented toward the steroid in the SHBG complex with 2-MeOE2 ( Fig. 1A) , which is similar to SHBG complexes with C19 steroids (3, 5) but quite different from that observed in the SHBG-estradiol complex (5) . On the other hand, the region Trp 170 -Lys 173 in the 2-MeOE2-bound SHBG structure closely follows the trace of the main chain of the estradiol-bound SHBG and diverges from the conformation observed in SHBG in complex with C19 steroids or levonorgestrel (5) . This directly reflects the orientation of the steroid ligand in the binding site because it results from a van der Waals interaction between the C18 methyl group of estradiol or 2-MeOE2 with the side chain of Leu 171 , and this interaction does not exist in the complexes with C19 steroids. From this, we conclude that some structural alignments in the 2-MeOE2-bound SHBG are shared with other SHBG-steroid complexes; nevertheless, the binding of 2-MeOE2 results in several unique structural features within the amino-terminal LG domain of human SHBG.
The residue Asp 65 is a key player in the coordination of estradiol within the SHBG steroid-binding site (5) and most likely participates in hydrogen bonding with the hydroxyl at C-3 of 2-MeOE2 (Fig. 1A) . This is supported by the fact that the distance (2.48 Å) between this hydroxy group and the carbox- 
Determined as a ratio of the concentration of steroid competitor resulting in a 50% reduction in specific binding of [ 3 H]DHT to the concentration of DHT required to produce the same effect. Except for S128A, data for the K d of DHT and the RBAs of estradiol are from Ref. 5. b Significantly different (p Ͻ 0.05) from the corresponding parameter of wild-type SHBG. tion to the binding affinity of SHBG for estradiol is negligible. This is probably also the case for the SHBG complex with 2-MeOE2 because the distance between Asn 82 and the hydroxyl at C-3 of the steroid is increased by 0.2 Å, as compared with the estradiol-bound SHBG structure (5) . On the other hand, the oxygen atom of the 2-MeOE2 methoxy group is only 3.0 Å from the Asn 82 amido group (Fig. 1A) , and the possibility of an interaction between these two functional groups exists.
Contributions of Specific Amino Acid Residues to the High Affinity of Human SHBG for 2-MeOE2-Previous studies (3, 5) have shown that functional groups at positions C-3 and C-17 of steroid ligands interact with Ser 42 and Asp 65 depending on their orientation within the SHBG steroid-binding site. The contribution of these residues to the high affinity binding of 2-MeOE2 was evaluated by comparing its ability to bind S42A and D65A SHBG variants with those of estradiol and DHT (5) . As shown in Table II , the binding of 2-MeOE2 to S42A is less affected when compared with estradiol. In this context, it is important to appreciate that although estradiol and 2-MeOE2 compete more effectively with DHT for binding to the S42A SHBG variant, its affinity for DHT is greatly reduced (Table  II) . Thus, the net result of this amino acid substitution on estradiol and 2-MeOE2 binding to SHBG is also negative. By contrast, substitution of Asp 65 with alanine has no effect on DHT-binding affinity but causes a substantial decrease in the binding affinity of both estradiol and 2-MeOE2 (Table II) . This is in line with our previous conclusion that this residue plays a much more important role in the binding of C18 steroids than C19 steroids (5) . Crystal structures of human SHBG in complex with other steroid ligands have indicated that Asn 82 might also contribute to their coordination within the steroid-binding site, but substitution of this residue does not influence the binding of C19 steroids, levonorgestrel or estradiol (3, 5) . This is shown again in Table II . However, the binding affinity of 2-MeOE2 to the N82A SHBG variant is significantly reduced. This is in accordance with the crystal structure data indicating that the methoxy group of 2-MeOE2 can interact with the amido group of Asn 82 and thereby contributes to the high affinity of human SHBG for 2-MeOE2.
The crystal structure of 2-MeOE2-bound SHBG indicates that the methoxy group protrudes into a pocket that includes Met 107 (Fig. 1A) , and when this residue was substituted with alanine the resulting SHBG variant displayed a specific increase in affinity for 2-MeOE2 (Table II) . In view of the displacement of residues from the loop segment Leu 131 to His 136 (see above), these data imply that the accommodation of the methoxy group generates steric clashes in this region of SHBG, which are attenuated by the replacement of Met 107 with a smaller amino acid, such as alanine. Deeper within the SHBG steroid-binding site, Gly 58 is located in such close proximity to steroid ligands that any substitution at this position will likely cause a steric clash and a marked reduction in steroid binding (3) . As in the case of estradiol (5) , the binding of 2-MeOE2 to the G58A SHBG variant is affected to a lesser extent than that of DHT (Table II) , but overall this amino acid substitution still results in an ϳ15-fold reduction in binding affinity for these C18 steroids. The difference in the reduction of the relative affinities of the G58A SHBG variant for C18 and C19 steroids, as compared with wild-type SHBG, probably reflects the difference in their orientation within the SHBG steroid-binding site.
In the SHBG complex with 2-MeOE2, the loop segment (Leu 131 -His 136 ) that covers the steroid-binding site appears to be displaced when compared with the estradiol-bound SHBG structure reported previously (Fig. 1B) . This loop segment is flanked by prolines at positions 130 and 137 that appear to control its flexibility (22) . When these proline residues are substituted with glycine to augment the flexibility of this loop segment, this increases the affinity for 2-MeOE2 (Table II) , as shown previously for estradiol (5) . This confirms that the flexibility of the loop segment influences the binding of C18 steroids, and supports the hypothesis that this region of the polypeptide chain influences the ability of different classes of steroids to either enter or exit the binding site.
Although the methoxy group of 2-MeOE2 appears to push away residues adjacent to the loop segment that covers the steroid-binding site, such as Ser 128 , substitution of this residue with alanine has no effect on the affinity of SHBG for 2-MeOE2 or other steroids (Table II) . Within the loop region itself, Leu 131 influences the binding of C19 steroids and estradiol (5) . However, our present data indicate that Leu 131 has little impact on the binding of 2-MeOE2 (Table II) , and this is in agreement with the observation that Leu 131 , Thr 132 , and Ser 133 are disordered in the crystal structure (Fig. 1B) . Moreover, substitution of other residues within the loop region (e.g. Lys 134 or His 136 ) had little or no effect on the binding of 2-MeOE2 (Table II) . This was expected because in the 2-MeOE2-bound SHBG crystal structure the chain segment Lys 134 -His 136 is associated with high thermal displacement factors, which indicates that this region packs only loosely against the steroid-binding site. The steroid ligand-specific rearrangement of this loop segment may, however, have implications with respect to possible interactions between SHBG and other proteins, such as a specific receptor that has been reported to reside within the plasma membranes of some tissues (6, 7) . If so, this would be in line with the concept that this region of the molecule represents a conserved interaction surface within a family of functionally highly diverse proteins that share the LG domain fold (23) .
The orientation of the Trp 84 side chain in the 2-MeOE2bound SHBG structure (Fig. 1A) also differs from its outward orientation in estradiol-bound SHBG (5) . The affinity of the W84A SHBG variant for 2-MeOE2 is essentially unchanged in relation to DHT, whereas its net affinity for estradiol increases 2-fold (Table II) . This reflects the fact that the orientation of the side chain of Trp 84 in the DHT and 2-MeOE2 complexes differs from that in the estradiol complex. The higher affinity of the W84A SHBG variant for estradiol can be attributed to an energetically disfavored orientation of Trp 84 in wild-type SHBG caused by the inward movement of the residues (Ser 128 , Gly 129 , and Pro 130 ) preceding the loop segment Leu 131 -His 136 (5) . In contrast, the methoxy group of 2-MeOE2 pushes these residues (Ser 128 -Pro 130 ) outward upon occupancy of the SHBG steroid-binding site, and this circumvents the need for a reorientation of Trp 84 (Fig. 1A) . These observations further support the concept that the outward position of Trp 84 represents a unique feature of the surface topology of estradiol-bound SHBG that could provide the basis for its recognition by other macromolecules (5) .
Influence of Zinc on the Binding of 2-MeOE2 to SHBG-Both Asp 65 and His 136 play key roles in coordinating a zinc ion at the entrance of the steroid-binding site, and occupancy of this zinc-binding site causes a marked reorientation of the side chains of these residues (21) . This in turn appears to alter the conformation of the loop segment that covers the steroid-binding site (22) , and the combined effects cause a reduction in the binding affinity of human SHBG for estradiol, as compared with DHT or other C19 steroids (21) . It is therefore of interest that the affinity of wild-type human SHBG for 2-MeOE2 is reduced in the presence of zinc chloride to approximately the same extent as that of estradiol ( Fig. 2A) . Furthermore, the negative effect of zinc binding on both of these C18 steroids was eliminated by substitution of His 136 (Fig. 2B ) and Asp 65 (Fig.  2C ) with glutamine and alanine, respectively, in order to prevent the coordination of a zinc ion at this site. Thus, the mechanism by which zinc reduces the binding affinity of estradiol is also operative for 2-MeOE2 and may have some interesting implications with respect to the possible use of zinc to enhance the pharmacological properties of 2-MeOE2 (12) by reducing its binding to SHBG.
Implications for the Binding of Other Estradiol C-2 Derivatives to Human SHBG-It has been noted previously (10) that human SHBG has an exceptionally high affinity for 2-iodoestradiol exceeding that of DHT. When compared with 2-MeOE2, it is apparent that other derivatives of estradiol with halogen atoms (namely, fluorine or bromine) at the C-2 position exhibit higher affinities for human SHBG (Fig. 3 ). There may be several explanations for this. The functional group at C-2 of estradiol can be involved in direct hydrophilic interactions with SHBG, and the oxygen atom of the methoxy group of 2-MeOE2 appears to hydrogen-bond with the amido group of Asn 82 in the SHBG crystal structure, as discussed above. With respect to the different C-2 derivatives of estradiol, the strength of this interaction should depend on the electronegativity of the hydrogen-bond acceptor at C-2. However, removal of the hydrogen bond donor (amido group of Asn 82 ) by site-directed mutagenesis (N82A SHBG variant, Tables II and III ) results in only moderate reductions in binding affinity for C-2 derivatives of estra-
FIG. 5. Model to explain how intramolecular hydrogen bonding in 2-hydroxyestradiol impacts negatively on its interaction
with Asn 82 within the human SHBG steroid-binding site. Ring A of 2-hydroxyestradiol and the carbamide group of Asn 82 , with attached hydrogen atoms (black dots), are modeled using the coordinates of the crystal structures of catechol (24) and asparagine monohydrate (32), respectively. When assuming that the hydroxyl at C-3 of 2-hydroxyestradiol forms a hydrogen bond with the carboxylate group of Asp 65 , a steric clash will occur between the hydroxyl at C-2 of the steroid ring A and the amido group of Asn 82 .
diol. Furthermore, the reduction in affinity for 2-methoxyestradiol (4-fold) was greater than for the C-2 estradiol derivative (i.e. 2-fluoroestradiol) that contains the most electronegative atom (Tables II and III) . Thus, hydrogen bonding between functional groups at C-2 of the steroid and Asn 82 is unlikely to be a major determinant of their high affinity binding to SHBG.
It is also possible that the functional group at C-2 of the steroid modulates the strength of the hydrogen bond between the hydroxyl at C-3 and Asp 65 of SHBG via electronic effects on the aromatic ring A. This is corroborated by the fact that the affinity of 2-fluoroestradiol for the D65A SHBG variant is reduced by 39-fold when compared with wild-type SHBG, whereas much smaller reductions in affinity were observed for estradiol, 2-MeOE2, and 2-bromoestradiol (Tables II and III) . However, the size of the functional group at C-2 of the steroid may also determine how well it is accommodated within the hydrophobic pocket lined by Met 107 , Val 112 , Leu 124 , and Val 127 (Fig. 1A) . This may explain the very high affinity of SHBG for 2-iodoestradiol (10) and 2-bromoestradiol (Table III) .
In contrast to other C-2 derivatives of estradiol, 2-hydroxyestradiol binds only poorly to SHBG (Fig. 3 ). This is somewhat surprising because a hydroxyl at C-2 should require less space than the methoxy group of 2-MeOE2, and should hydrogen-bond with the side chain of Asn 82 and exert a similar effect on the adjacent hydroxyl at C-3. As observed for 2-MeOE2 (Table II and Fig. 4A ) and C-2 halogen derivatives of estradiol (Table III) , the affinity of the D65A SHBG variant for 2-hydroxyestradiol was reduced (Fig. 4A ). This implies that an interaction between Asp 65 and the hydroxyl at C-3 of all C18 steroids is a key element in their binding to human SHBG. However, unlike other functional groups, the hydroxyl at C-2 of 2-hydroxyestradiol can act both as a hydrogen bond acceptor and donor. In this context, the crystal structure of catechol (1,2-dihydroxybenzene), which mimics this portion of 2-hydroxyestradiol, might explain the poor affinity of SHBG for this estradiol metabolite. In catechol, an intramolecular hydrogen bond is formed between the two hydroxy groups (24) as originally predicted based on the physical properties of different dihydroxybenzene isomers (25) . This intramolecular hydrogen bond most likely also exists in 2-hydroxyestradiol and produces a steric clash with the amido group of Asn 82 when modeled within the structure of the SHBG steroid-binding site (Fig. 5) . To test this model, we examined the affinity of the N82A SHBG variant for various C-2 derivatives of estradiol. As expected, its affinity for 2-hydroxyestradiol was increased, as compared with wild-type SHBG (Fig. 4B) , whereas its affinities for other C-2 derivatives of estradiol were decreased (Tables II and III) .
The remarkable difference in the affinity of human SHBG for 2-hydroxyestradiol and its major metabolite, 2-MeOE2, is intriguing and could be physiologically important, particularly in terms of cancer cell biology. Within estrogen target cells, 2-hydroxyestradiol has a propensity for direct DNA adduct formation and is a particularly reactive metabolite that is capable of releasing superoxide and hydroxyl radicals during catechol estrogen quinone-semiquinone redox cycling (26) . Methylation of 2-hydroxyestradiol via the action of catechol-methyltransferase therefore represents an important step in the removal of this potentially damaging catechol estrogen, especially in the context of rapidly proliferating cells (27) . Once the resulting 2-MeOE2 leaves the cell, it may act as an anti-angiogenic agent in blood capillaries (12) , and in this location the relative levels of SHBG are likely to play a key role in regulating its local activities and/or the rate of its removal from tissues. Thus, the information derived from the present studies may provide a basis for designing 2-methoxy estrogen analogues with improved anti-angiogenic and/or anti-proliferative activities (28) , as well as for the optimization of radiolabeled estradiol derivatives as breast cancer imaging agents (29) .
